The skink Chalcides sexlineatus shows clear north^south ecology-correlated variation in morphology within the island of Gran Canaria. Detailed study of this variation previously supported the hypothesis of in situ di¡erentiation arising through climate-mediated variation in selection pressures. The more recent discovery of substantial within-island mitochondrial DNA (mtDNA) sequence divergence suggested an alternative historical vicariance scenario. This paper provides a detailed analysis of geographical structuring in mtDNA, based on a fragment ampli¢ed from the 12S rRNA region in 96 individuals. A very clear phylogeographic pattern was detected: three`deep' lineages were evident corresponding to northern, south-eastern and south-western parts of Gran Canaria with generally low levels of mtDNA introgression. The pattern of among-site di¡erentiation was highly concordant with the pattern of morphological variation. It also provided a close ¢t to a simple microevolutionary model based on population vicariance during volcanic eruptions known to have occurred during the past 2.8 million years in the north of the island. The minimum number of historical migration events required to explain the mtDNA tree was calculated and a novel randomization test used to show that there were a lower number of putative migrations across the morphology transition zone, relative to migrations within northern and southern zones. Di¡erential adaptation to the two major habitat types and selection against hybrids may explain why the morphology transition zone coincides with the main ecotone and is relatively narrow, respectively.
INTRODUCTION
The use of mtDNA as a molecular marker has considerably enhanced knowledge of how organisms di¡erentiate at the intraspeci¢c level. A consequence of these studies has been recognition of the importance of historical population vicariance (followed by secondary introgression) as a cause of geographic variation, with emphasis being shifted away from explanations involving selection-mediated clines (Endler 1977; Avise et al. 1987; Avise 1994) . Recent statistical developments have also contributed, with methods used in phylogenetics and population genetics being combined to enable a wider variety of hypotheses to be tested (e.g. Slatkin & Maddison 1989; Holsinger & Mason-Gamer 1996) .
At the present time there is little evidence that potential advantages conferred by mtDNA mutations are environment-dependent and so where spatial structuring is substantial, explanations based on historical interruptions to gene £ow are usually invoked (e.g. Avise et al. 1987; Avise 1994) . Concordance with morphological variation provides further support for a historical explanation (discordant patterns of morphological and mtDNA variation may provide evidence of additional current natural selection e¡ects; Thorpe et al. 1996) , although knowledge of environmental gradients, historical habitat distributions and/or geological events are also needed for a fuller assessment of cause (Riddle 1996) .
Historical climate changes had an important impact on distributions of continental organisms and led to episodic cycles of range expansion or contraction (Riddle 1996) . These events during the Pleistocene explain many of the observed patterns of geographic variation within European and North American fauna (Bartlein & Prentice 1989; Avise 1992; Hewitt 1996) . Alternative historical causes of population di¡erentiation not based on climate-induced range changes are also possible but have rarely been documented in vertebrates. Geographic variation within small oceanic islands is less likely to arise through climatic e¡ects compared with continental species because of reduced geographical distances. Within-island di¡erentiation^speciation of island insect faunas have received considerable attention (Carson & Kaneshiro 1976; DeSalle & Templeton 1992; Shaw 1996) , and the contribution of historical volcanism may at least partially explain the observed biodiversity (Carson et al. 1990; Juan et al. 1996) . There are now some suggestions that historical volcanism may have also played a role in the within-island di¡erentiation of some vertebrates (Thorpe et al. 1996; Schneider 1996) . This may yet prove to be relatively widespread, as many species described as showing geographic variation are from volcanic islands.
The primary aim of this study was to investigate geographical structuring of mtDNA for a species showing a clear pattern of phenotypic variation within an island with a relatively well-known geological history (HansenMachin 1987 (HansenMachin , 1988a Hoernle & Schmincke 1993) . In this way we could evaluate whether di¡erentiation had occurred in situ or in historically vicariant populations with subsequent secondary contact.
The scincid lizard Chalcides sexlineatus has been the focus of several studies because it shows considerable variability within the small island (1532 km 2 ) of Gran Canaria in the Canary archipelago (288 N, 168 W) (Pasteur et al. 1988; Mayer & Tiedemann 1991) . Detailed analysis indicates a clear north-east^south-west spatial pattern of variation in coloration (Brown et al. 1991; Brown & Thorpe 1991a ) (¢gure 1), scalation and body dimensions (Brown & Thorpe 1991b) . A full range of morphologies are found and individuals within transition zone populations tend to be intermediate between northern and southern morphs. This pattern is tightly correlated with the substantial di¡erences in habitat aridity found between the north and south of the island. The sister species, C. viridanus, shows a parallel pattern of north^south habitat-correlated di¡erentiation on the similarly heterogeneous neighbouring island of Tenerife (Brown et al. 1993) . Both species show a tendency for conspicuous blue tail coloration (a trait of considerable functional importance in lizards; Cooper & Vitt 1986) in the xeric southern habitats and uniform brown dorsal and tail coloration in the more mesic northern areas, further strengthening the prima facie case of selectionmediated di¡erentiation. Despite this, a recent study has shown that substantial mtDNA divergence does occur within Gran Canaria (Brown & Pestano 1998) indicating that historical population vicariance cannot be ruled out. Furthermore, substantial volcanic activity capable of causing local extinctions and giving rise to dispersal barriers is known to have occurred in the north-east of the island during the last 2.8 million years (Myr), a time period commensurate with the degree of within-island haplotype divergence (Brown & Pestano 1998) .
MATERIALS AND METHODS
(a) Sites, specimens and sample preparation Chalcides sexlineatus were caught by hand (n 96) from 24 evenly distributed sample sites covering the full range of morphologies within the island (¢gure 2). Minimum and maximum sample sizes were three and seven, respectively. The sample sites comprised a subset of the 46 sites used in previous morphology studies (Brown et al. 1991; Brown & Thorpe 1991a,b) . Tail-tips were removed, placed in 99% alcohol and all individuals released.
Tissue samples were homogenized in a digest bu¡er and whole genomic DNA was extracted using chelex (Walsh et al. 1991) . The L1091 and H1478 primers (Kocher et al. 1989 ) were used to amplify ca. 384 bp fragment of the 12S rRNA region of the mtDNA. Although this region is generally considered too conservative for intraspeci¢c studies, substantial within-island sequence divergence is found in Chalcides (Brown & Pestano 1998) , with the additional bene¢t of proving easier to amplify than D-loop and cytochrome b regions. PCR ampli¢cations were based on 35 cycles with 94 8C (30 s) denaturing, 48 8C (30 s) annealing and 72 8C (30 s) extension temperatures and 2mM MgCl 2 . The light strand was sequenced for all individuals using an ABI 373 sequencer (University of Liverpool sequencing service), with 24 of the individuals being sequenced in both directions (this included all haplotypes that initially appeared only once). The ¢rst 22 bases were often ambiguous and so were not included in subsequent analyses.
(b) Statistical analyses
Sequences were aligned using Clustal W ( Thompson et al. 1994) , allowing identi¢cation of di¡erent haplotypes. Phylogenetic relationships among haplotypes were inferred using neighbour-joining (NJ) on Kimura two-parameter distances or from consensus parsimony trees (PARS) (Felsenstein 1993) . As in previous cross-species comparions in Chalcides (Brown & Pestano 1998 ), a transition:transversion weighting of 1:10 was used, approximating to observed values for pairwise comparisons in that study. Loops were down-weighted relative to stems in accordance with relative substitution rates in these two regions (see later). Note that application of these weightings had a negligible e¡ect on the results presented here. Both C. simonyi from the eastern Canary island of Fuerteventura and the sister species C. viridanus from Tenerife were used as outgroups. Levels of between-site divergence were estimated using the N ST statistic proposed by Lynch & Crease (1990) . This measure of population subdivision is based on haplotype frequencies and degree of sequence divergence. Among-site congruence between colour pattern and mtDNA was evaluated by testing the matrix association between N ST and Mahalanobis D 2 between-centroid distances using Pearson's product-moment correlation coe¤cient (c.f. Mantel's test; Mantel 1967) , with signi¢cance determined by comparison of the observed value with values obtained after 4999 random matrix permutations. This provided a maximum achievable signi¢cance level of 0.0002. Signi¢cance of geographic structuring was evaluated using a recently proposed method which tests distances between daughter nodes of a tree constructed to estimate the hierarchical relationship among sites (Holsinger & Mason-Gamer 1996) , thus avoiding statistical problems due to non-independence of sites.
The minimum number of migration events required to explain the phylogeny were calculated using the cladistic method described by Slatkin & Maddison (1989) . The primary aim was a broad assessment of levels of gene £ow across morphological transition zones relative to that within zones, rather than to estimate Nm (where N is the population size and m is the immigration rate).
A randomization method written by R.P.B. evaluated the hypothesis that the migrations between site pairs was lower between northern and southern morph sites than within these respective areas. Presence or absence of between-site migrations were coded 1 and 0, respectively, in a between-site half-matrix. This matrix was compared with a between-site half-matrix with 1, 0 codes for site pairs in di¡erent or the same phenotype areas, respectively. The test statistic, which we will call M, was the number of putative between-site migrations across the transition zone (i.e. the sum of the occurrences of 1 in corresponding elements of the two matrices). Signi¢cance was determined by randomly reallocating observations to sites 999 times (maximum achievable signi¢cance level: 0.001) and recalculating M each time to allow comparison of the actual value with the distribution of the statistic under randomization (contact the corresponding author for further details).
The observed pattern of among site di¡erentiation, as represented by N ST , was tested against a simple model representing di¡erentiation under a recent volcanic extinction scenario/ secondary intergradation scenario (VA). Under this hypothesis eruptions that occurred in the north-east of the island during the last 2.8 Myr caused extinctions between present-day northeast^south-west populations, leaving refugia populations in the extreme north-east and the south-west (Hansen-Machin 1988b). The northern area that was volcanically active is quite clearly delimited by a line traversing the island from positions close to site N23 in the north-west to site S10 in the south-east (¢gure 2) (Hansen-Machin 1988b) . Distances between populations were coded 0, 1 according to whether they originated from the same or di¡erent refugia. The relationship between this and the N ST distances, with current geographical proximity held constant, was evaluated using a randomization test based on that described by Manly (1986) . This test uses a multiple regression approach and allows testing of the signi¢cance of the extra sums of squares explained for the dependent matrix after addition of each independent matrix. Data were standardized before use. It was preferred over other methods because use of a 0, 1 independent variable in a least-squared regression can be shown to give the same results as an ANOVA on the dependent with the independent as the grouping factor (which would appear a more logical approach), but with the additional advantage of allowing simultaneous comparison with geographical distance. A total of 4999 random matrix permutations were computed.
RESULTS

(a) Sequence divergence
A total of 34 haplotypes were identi¢ed in the 96 specimens (¢gure 2). The mismatch distribution of uncorrected pairwise di¡erences summarizes the levels of sequence divergence found (¢gure 3). The distribution is clearly bimodal, indicating two levels of haplotype subdivision. Transition:transversion ratios were correlated with sequence divergence, with a maximum ratio of 15:1 being observed for the most divergent haplotypes. There were 41 variable sites, of which 26 were parsimony-informative (no indels were found within C. sexlineatus). Comparison with the secondary structure of bovine 12S rRNA indicated that 27 of these sites were situated in loops, while 14 were situated in stems.
(b) Relationships between haplotypes
Although not strongly supported by bootstrapping, very similar tree topologies were found by the NJ (¢gure 4) and PARS methods. Both provided evidence of three major lineages containing identical haplotype sets. The most geographically restricted lineage (B) contained haplotypes found only in populations from the centreŝ outh-east of Gran Canaria. A second lineage (C) was con¢ned to the centre^south-west of the island, while the most widespread lineage (A) was found only in the north. The MST depicted the relationship between morphology and mtDNA and also provided very similar results (¢gure 5), i.e. three main clusters containing the same haplotypes. Haplotypes found only at northern morphology sites were tightly clustered with 43 mutational steps between closest relatives. Four haplotypes found at southern sites (but close to the main morphology-transition area) were also found within this cluster (i.e. 11A, 14A, 15A, 19A) suggesting some limited introgression of northern mtDNA into a southern nuclear background. Haplotypes only found in the centre or south-west sites were less tightly clustered (46 mutational steps between closest relatives), while haplotypes con¢ned to central south and south-east sites showed greater diversity (47 mutational steps between closest relatives). Within the main north and centre^south-west clusters, haplotypes 3A and 31B had the greatest number of mutational derivatives.
(c) Among-site di¡erentiation and migration
Signi¢cant di¡erentiation was detected between four main groups of sites, with the hierarchical pattern of di¡erentiation showing a generally north-east^south-west trend (¢gure 6). The pattern of among-site di¡erentiation was highly concordant with the pattern of amongsite di¡erentiation in morphology (males, r 0.385, p 0.0002; females r 0.409, p 0.0002).
Detailed conclusions cannot be drawn from the analysis of hypothesized migration events due to the small sample sizes. However, the overall pattern was clear: relatively few migrations between the north and south were necessary to explain the NJ tree (5 out of 31), while those that were detected all involved transition population-pairs. The number of migration events was signi¢cantly lower across the transition zone compared to within northern and southern sites (M 5, p 0.001). Note that this test strictly assumed independence of migration probability and geographical distance, and so was repeated with 53 matrix elements eliminated (i.e. those representing the most distant site pairs across the transition zone). In this second analysis the median across-transition-zone geographical distance was lower than the median distance within northern and southern morph areas, and so the results were not potentially biased towards erroneously detecting a lower number of migrations across the transition zone. Neither this second test nor use of the PARS instead of the NJ tree a¡ected these conclusions.
The relationship between N ST and geographical proximity was highly signi¢cant (r 0.428, p 0.0002), as was the association between N ST and VA, with proximity constant (standardized partial regression coe¤cient, b H N ST aVAXDIST 0.386, p 0.0002). A signi¢cant extra sums of squares was explained by the addition VA to the matrix regression of N ST against proximity and the pattern of lush or arid variation within the island. magnitude of the lineage divergence is substantial (up to 4.7% between haplotypes in a relatively conserved region of the mtDNA) and commensurate with the timing of the onset of the last eruptive cycle within the island (Brown & Pestano 1998) ; (ii) the current haplotype distribution shows a close ¢t to the pattern of volcanic activity during this period; and (iii) the present-day haplotype distribution is congruent with the morphological di¡erentiation (and also shows similarities with Gallotia stehlini on the same island; providing greater con¢dence in the described pattern. Furthermore, present-day mtDNA structuring in the lizard G. galloti re£ects known events in the recent geological history of the neighbouring island of Tenerife (Thorpe et al. 1996) .
How might di¡erences in volcanic activity between the north and south have separated ancient populations? Interrelationships between volcanic activity and microevolutionary patterns have been previously documented in insects (Carson et al. 1990) . Two main e¡ects of volcanic eruptions on skink populations are likely: (i) the immediate extinction of populations due to the eruptions themselves; and (ii) the creation of long-term unsuitable habitat (lava ¢elds) that could act as dispersal barriers. In support of the latter, Canary Island skinks generally prefer more densely vegetated habitats with humid substrates. The sister species C. viridanus also appears to be absent from recent lava £ows on the neighbouring island of Tenerife (R. P. Brown, personal observation). Similar modes of diversi¢cation may also be applicable to insects inhabiting volcanic islands (Shaw 1996; Juan et al. 1996) . Hansen-Machin (1988b) considers that two main sectors of activity began in the north of Gran Canaria approximately 2.8 Myr ago, one in the east^north-east and one in the north-west, while the area between them, i.e. the north-east segment of the island, remained largely unaffected. This latter area, around sample sites N4 and N15, could have provided a northern refugium. Secondary contact after expansion from northern and southern refugia is likely to have occurred much later because of the magnitude of the morphological divergence. In support of this, only one haplotype (3A) was found in this area and the MST suggested that this may be ancestral because it had a large number of mutational derivatives (Crandall & Templeton 1993) morphologies appears limited, unlike in other terrestrial vertebrates in which it can be considerable (Ruedi et al. 1997) . One explanation could be selection against individuals with northern mtDNA and extreme southern nuclear genomes, or vice versa, due to coevolved interactions between them (Moritz et al. 1987) . Consideration of how the hybrid zone is maintained is limited by the lack of comparable data on nuclear markers, although two enzymes show a transition that closely corresponds to that in morphology, i.e. the majority of the change occurs over approximately 10 km (Mayer & Tiedemann 1991) . There are two main alternatives: (i) the zone is a tension zone maintained by reduced ¢tness of hybrids (Key 1981; Hewitt 1989; Barton & Gale 1993) ; and (ii) the environmental gradient (which is highly correlated to morphological variation) leads to di¡erential selection between northern and southern morphs. The evidence of reduced gene £ow across the zone supports the former. However, di¡erential adaptation of phenotypes from the north to lush habitats and phenotypes from the south to arid habitats would also seem plausible given that the transition coincides so closely with the ecotone. Correlations with ecological heterogeneity have been observed in other species that have di¡erentiated in allopatry (Schneider 1996; Patton & Smith 1994; Ruedi et al. 1997) . Many continental European lineages that have come into post-glacial secondary contact also show characters that appear to adapt them to di¡erent lifestyles (Hewitt 1996) . Furthermore, ¢eld experiments on island lizards suggest that phenotypic di¡erences between populations are adaptive, providing further support for the environmental gradient hypothesis (Malhotra & Thorpe 1991) . Di¡erential adaptation would appear reasonable for C. sexlineatus as larger, more robust uniform-brown northern skinks appear suited to the more mesic northern areas while the . Hierarchical relationships among sites, with probabilities representing the proportion of between-daughter node distances under randomization that were greater than or equal to the observed distance (Holsinger & Mason-Gamer 1996) .
smaller bright blue-tailed skinks with relatively smaller heads and limbs appear suited to xeric southern areas (Brown et al. 1991; Brown & Thorpe 1991a,b) .
The La Isleta population (N46) is the exception to the general trend of mtDNA variation (and therefore population history) explaining morphological variation. The morphological divergence between these skinks and neighbouring northern populations is considerable, but the mtDNA haplotype composition was identical to sites in neighbouring parts of the main island (i.e. haplotype 3A present only). La Isleta was formed independently from the rest of the island but was subsequently connected by a sand bar. The considerable habitat transition between La Isleta and the north of the island would indicate that di¡erential selection regimes may be responsible, although similarity of mtDNA composition from introgression from the main island cannot be ruled out.
Despite the concordance with the volcanism model (which implies a single, major vicariance event which should give rise to two descendant lineages), there is evidence for the presence of three`deep' mitochondrial lineages within the island. The model can only provide a simpli¢ed representation of the factors that led to withinisland cladogenesis and so any more detailed explanations are purely speculative. Even so, it is interesting to note that there is geological evidence for substantial volcanic activity on Gran Canaria approximately 4.5^3.5 Myr ago (i.e. prior to vicariance events mentioned previously), and that this appears to have been su¤cient to have almost extinguished life on the island (Hansen 1988a). The only area that was largely una¡ected by this was the southeast, corresponding to the present-day distribution of lineage B, which might suggest that this is the ancestral lineage. However, weak support for relevant nodes on the trees means that we cannot yet determine whether this clade is the most basal or not.
